Journal  of  Power  Sources  196  (2011)  4515-4523 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Performance  and  stability  of  Pd-Pt-Ni  nanoalloy  electrocatalysts  in  proton 
exchange  membrane  fuel  cells 

Juan  Zhao,  Karalee  Jarvis,  Paulo  Ferreira,  Arumugam  Manthiram* 

Electrochemical  Energy  Laboratory  &  Materials  Science  and  Engineering  Program,  The  University  of  Texas,  Austin,  TX  78712,  United  States 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  14  November  2010 
Received  in  revised  form 
30  December  2010 
Accepted  7  January  201 1 
Available  online  19  January  201 1 


Keywords: 

Fuel  cell 
Electrocatalyst 
Core-shell  structure 
Catalyst  durability 


Pd-Pt-Ni  nanoalloy  catalysts  have  been  synthesized  by  a  polyol  reduction  method  and  characterized  for 
the  oxygen  reduction  reaction  (ORR)  in  proton  exchange  membrane  fuel  cells  (PEMFCs).  The  performance 
of  the  membrane-electrode  assembly  (MEA)  fabricated  with  the  Pd-Pt-Ni  catalysts  is  found  to  increase 
continuously  in  the  entire  current  density  range  with  the  operation  time  in  the  PEMFC  until  it  becomes 
comparable  to  that  of  commercial  Pt.  The  Pt-based  mass  activity  of  Pd-Pt-Ni  exceeds  that  of  commercial 
Pt  by  a  factor  of  2,  and  its  long-term  durability  is  comparable  to  that  of  commercial  Pt  within  the  200  h 
of  operation.  Compositional  characterizations  by  energy  dispersive  spectroscopy  (EDS)  and  X-ray  pho¬ 
toelectron  spectroscopy  (XPS)  suggest  a  dealloyed  active  catalyst  phase  consisting  of  Pd-rich  core  and 
Pt-rich  shell,  formed  by  dissolution  of  Pd  and  Ni  under  the  testing  conditions.  The  surface  catalytic  activity 
of  nanoparticles  can  be  modified  by  the  strain  effect  caused  by  lattice  mismatch  between  the  surface  and 
core  components.  Transmission  electron  microscopy  (TEM)  observation  of  the  MEA  cross-section  reveals 
that  the  Pd  ions  move  into  the  Nation  membrane  and  even  to  the  anode  side  and  redeposit  on  reduction 
by  hydrogen  crossover.  The  deposition  of  Pd-rich  PdPt  particles  mainly  forms  a  band  at  the  center  of  the 
membrane  and  along  the  cathode/membrane  interface.  On  the  other  hand,  the  Ni  ions  ion-exchange  with 
the  protons  in  the  Nation  membrane. 
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1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  are  attractive 
power  sources  due  to  their  high  efficiency  and  environmental 
friendliness  compared  to  the  conventional  power  sources  [1-6]. 
However,  the  high  cost  of  Pt  electrocatalyst  is  one  of  the  major 
barriers  for  the  commercialization  of  PEMFCs.  In  this  regard,  there 
has  been  intensive  effort  to  decrease  Pt  loading  and  improve  cat¬ 
alytic  activity,  with  a  focus  on  both  Pt-based  catalysts  [7-10]  and 
non-platinum  catalysts  [11,12]. 

In  the  last  several  decades,  Pt-M  alloys  (M  is  the  transition 
metals)  have  been  extensively  investigated  as  cathode  electro¬ 
catalysts  in  PEMFCs  [13-25].  Pt-rich  Pt-Co  catalysts  [11,26]  have 
shown  significant  improvement  in  terms  of  Pt-mass-based  perfor¬ 
mance.  Their  Pt-mass-based  activities  toward  ORR  have  shown  an 
improvement  of  up  to  3  times  compared  to  pure  Pt.  Recently,  more 
attention  has  been  focused  on  forming  core-shell  materials,  either 
non-noble  metal  rich  alloy  catalysts  with  a  Pt  monolayer/skin  on 
the  surface  or  Pt-enriched  nanpoparticle  shell  with  a  bimetallic 
core.  These  structures  have  been  obtained  by  surface  galvanic  dis¬ 
placement  reactions  on  glassy  carbon  [27-31  ]  or  in  aqueous  media 
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[32-34],  Pt  overgrowth  (encapsulation  by  Pt)  [35-37],  and  surface 
metal  depletion  [38-40].  Previous  work  on  galvanic  displacement 
of  under-potential  deposited  (UPD)  Cu  by  Pt  is  limited  mainly  to 
basic  catalytic  research  on  glassy  carbon  electrodes  [41  ].  Recently, 
Ball  et  al.  [42]  have  carried  out  preliminary  MEA  tests  that  show 
great  promise  of  PtML/Pd3Co  with  a  mass  activity  of  up  to  2  times 
compared  to  that  of  Pt.  Another  novel  class  of  highly  active  electo- 
catalysts  have  been  developed  by  Strasser’s  group  [39,40]  by  in  situ 
voltammetric  dealloying  inside  the  cathode  layer  of  MEAs,  and  a 
four  to  five  fold  improvement  in  Pt-mass  activity  in  single  PEMFCs 
has  been  reported. 

Non-noble  metal  catalysts  such  as  transition  metal  chalco- 
genides  [43-45],  transition  metal  oxides  [46,47],  transition  metal 
macrocycles  [48-50],  and  transition  metal  carbides  or  nitrides 
[51-54]  have  also  been  investigated  as  substitutes  for  Pt.  However, 
their  chemical  instability  in  acidic  environment  and  low  intrinsic 
activities  for  the  oxygen  reduction  reaction  (ORR)  due  to  the  low 
density  of  active  sites  make  these  catalysts  unattractive  for  practi¬ 
cal  application  in  PEMFCs.  Recently,  Pd-based  alloy  catalysts  have 
been  found  to  exhibit  high  activity  for  ORR  with  good  tolerance  to 
methanol  [55-58].  However,  the  dissolution  of  both  the  transitional 
metal  and  Pd  limits  their  application  in  fuel  cells.  One  possible  way 
to  overcome  the  dissolution  and  improve  the  stability  of  these  cata¬ 
lysts  is  to  prepare  nanoparticles  with  Pd-M  at  the  core  and  Pt  at  the 
shell  [33,36,37].  Although  the  base  metal  could  dissolve  and  leach 
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out  completely  over  time,  the  dissolution  of  Pd  may  be  alleviated 
[42], 

We  explored  previously  Pd-Ni  nanoalloys  for  ORR  [59]  and 
found  they  are  not  stable  enough  in  acid  electrolytes.  In  this 
paper,  we  aim  to  improve  both  the  performance  and  durability  by 
alloying  Pd-Ni  with  a  small  amount  of  Pt.  Interestingly,  the  per¬ 
formance  of  Pd-Pt-Ni  in  single  cell  PEMFC  increases  continuously 
with  operating  time  in  the  whole  current  density  region  and  finally 
reaches  a  value  similar  to  that  of  commercial  Pt.  The  catalyst  is 
also  found  to  be  as  stable  as  commercial  Pt  within  200  h  of  opera¬ 
tion.  Accordingly,  we  present  here  the  structural  and  compositional 
characterizations  of  the  Pd-Pt-Ni  electrocatalysts  before  and  after 
the  PEMFC  operation  and  discuss  the  influence  of  the  dissolution  of 
both  Pd  and  Ni  on  the  ORR  activity  and  the  durability  of  Pd-Pt-Ni 
in  PEMFC.  Although  there  have  been  reports  on  the  dissolution  of 
Pd  in  acid  [60,61  ]  and  formation  of  Pt  skin  upon  dissolution  of  the 
transition  metals  [7,62-64],  we  show  here,  for  the  first  time,  that 
the  dissolution  of  Pd  and  Ni  during  the  operation  of  the  membrane- 
electrode  assemblies  (MEA)  in  PEMFC  results  in  the  formation  of  a 
“Pd-rich  core  and  Pt-rich  shell”  structure  with  enhanced  catalytic 
activity. 

2.  Experimental  methods 

2.1.  Catalyst  synthesis 

The  Pd-Pt-Ni  nanoparticle  electrocatalysts  were  synthesized 
by  a  modified  polyol  reduction  method  as  described  else¬ 
where  [59].  (NH4)2PdCl4  (Alfa  Aesar),  Ni(CH3C00)2-6H20  (Acros 
Organics),  and  H2PtCl6  (Strem  Chemicals),  together  with  Vulcan 
XC-72R  carbon  black  (Cabot  Corp.)  as  a  supporting  material  and 
poly(vinylpyrrolidone)  (PVP,  MW  =  40,000,  MP  Biomedicals,  LLC) 
as  a  surfactant,  were  dissolved  in  ethylene  glycol  (Fisher  Scien¬ 
tific)  and  kept  under  constant  stirring  until  a  homogeneous  mixture 
was  formed.  NaOH  (Fisher  Scientific)  was  then  added  to  adjust  the 
pH  value  to  10,  and  the  mixture  was  refluxed,  filtered,  washed, 
and  dried  overnight.  The  resulting  black  powder  was  subsequently 
heat-treated  at  300  °C  in  a  flowing  10%  H2-90%  Ar  atmosphere  for 
2  h  and  cooled  to  room  temperature. 

2.2.  MEA  fabrication 

Catalyst  inks  were  prepared  by  mixing  required  amounts  of  the 
carbon-supported  catalyst,  isopropyl  alcohol,  water,  and  25wt.% 
Nafion  by  ultrasonication  for  half  an  hour.  The  prepared  catalyst 
ink  was  then  directly  sprayed  onto  the  top  of  a  commercial  gas 
diffusion  layer  (BASF)  (2.5  cm  x  2.5  cm),  followed  by  drying  in  air 
at  60  °C  for  1  h.  The  metal  loading  was  kept  at  0.4  mg  cm-2  both 
for  the  anode  and  the  cathode  in  the  PEMFC.  Thereafter,  40  mg  of 
5  wt.%  Nafion  solution  was  sprayed  for  better  adhesion  between 
the  membrane  and  the  catalyst-coated  gas  diffusion  layer.  For  the 
anode  layer,  a  commercial  20  wt.%  Pt/C  (Alpha  Aesar)  was  used. 
The  MEAs  were  fabricated  by  sandwiching  a  Nafion  112  membrane 
(DuPont)  between  the  anode  and  cathode  by  hot-pressing  at  130  °C 
and  1 000  psi  (6894.76  kPa)  for  2  min. 

2.3.  Fuel  cell  testing 

The  prepared  MEAs  with  an  active  area  of  5  cm2  were  then 
assembled  with  3-channel  serpentine  flow  fields  (Poco  graphite 
blocks)  and  gold-coated  current  collectors  and  tested  in  a  fuel  cell 
station  (Scribner  In.),  following  the  protocol  shown  in  Fig.  1 .  In  step 
1,  hydrogen  and  oxygen  as  reactant  gases  were  supplied  to  the 
anode  and  cathode,  respectively,  without  applying  the  load  and 
the  cell  was  stabilized  at  the  open  circuit  potential  for  ~15min; 
in  step  2,  the  load  was  increased  from  0  to  5  A  (1000mA cm-2) 
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Fig.  1.  The  protocol  applied  for  single  cell  fuel  cell  testing.  Step  1:  supplying  reac¬ 
tant  gases  (hydrogen  and  air),  step  2:  operating  the  cell  at  the  constant  load  of  5  A 
(1000  mA cm-2),  and  step  3:  purging  nitrogen  and  removing  the  load. 


at  an  increment  of  0.5  A  min-1  for  10  min,  and  the  cell  was  oper¬ 
ated  at  a  constant  load  of  5  A;  in  step  3,  the  load  was  removed, 
and  the  cell  was  shut  down  for  overnight  after  15  min  of  purging 
with  nitrogen  to  remove  the  residual  H2  or  02.  The  load  cycles  are 
employed  in  this  study  in  an  attempt  to  simulate  the  on/off  pro¬ 
cedures  in  real  automotive  application.  Throughout  the  procedure, 
the  relative  humidity  of  the  feed  streams  for  the  anode  and  cath¬ 
ode  were  set  at  100%  with  a  backpressure  of,  respectively,  14  psi 
(96.53  kPa)  and  16  psi  (110.32  kPa)  and  a  constant  gas  flow  rate 
of,  respectively,  0.15  L  min-1  and  0.2  L  min-1 ;  the  cell  temperature 


Fig.  2.  (a)  XRD  patterns  and  (b)  the  enlarged  (111)  region  of  Pd,  PdgoNbo,  and 
Pd50Pt3oNi2o  synthesized  by  the  modified  polyol  method  and  commercial  Pt. 
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Table  1 

Atomic  ratios,  lattice  parameters,  and  crystallite  sizes  of  the  samples  synthesized  by  the  modified  polyol  method  and  commercial  Pt. 


Catalyst 

Annealing 
temp.  (°C) 

Pd:Pt:Ni  atomic 
ratio  from  SEM-EDS 

Lattice  parameter 
from  XRD  (nm) 

Mean  crystallite  size 
from  XRD  (nm) 

Pt 

0.3919 

2.4 

Pd 

300 

0.3892 

7.7 

Pd8oNi2o 

300 

84:16 

0.3888 

6.2 

Pd5oPt3oNi2o 

300 

58:31:12 

0.3896 

5.1 

was  kept  at  60  °C.  The  polarization  curves  were  taken  at  the  begin¬ 
ning  and  end  of  the  test  each  day  to  monitor  the  performance 
change.  Also,  the  cell  voltage  response  with  time  at  the  constant 
load  was  recorded  for  long-term  durability.  IR  correction  was  car¬ 
ried  out  by  correcting  the  cell  voltage  with  the  measured  ohmic 
resistance  of  the  fuel  cell  by  an  in-built  AC  impedance  analyzer 
operating  at  1  kHz  frequency. 

2.4.  Structural,  morphological,  and  compositional 
characterization  of  catalyst  powders  and  MEAs 

The  phase  identification  of  the  catalyst  powders  was  performed 
by  X-ray  diffraction  (XRD)  with  Cu  Ka  radiation  (A  =  0.1 54  nm) 
with  a  counting  time  of  12  s  per  0.02°.  The  morphology  and 


size  distribution  of  the  catalyst  powders  were  studied  with  a 
JEOL  201  OF  transmission  electron  microscope  (TEM)  operating 
at  200  keV.  The  bulk  compositional  analysis  was  determined  by 
energy  dispersive  spectroscopy  (EDS)  with  a  JEOL-JSM  5610  SEM 
having  an  Oxford  Instruments  EDS  attachment.  Surface  compo¬ 
sitions  were  assessed  by  X-ray  photoelectron  spectrometer  (XPS) 
with  Al  Ka  radiation.  The  experimental  precisions  associated  with 
the  EDS  and  XPS  methods  were  estimated  to  be,  respectively, 
about  3  and  2  atom%.  The  water  collected  from  the  cathode  side 
after  the  durability  test  was  analyzed  by  an  inductively  coupled 
plasma  (ICP)  analyzer  to  estimate  the  dissolution  of  metals  from 
the  catalyst  particles.  The  cross-sections  of  MEAs  were  observed 
in  a  JEOL  201  OF  TEM/STEM  equipped  with  an  OXFORD  energy 
dispersive  spectrometer  (EDS)  to  determine  the  elemental  distri- 


Fig.  3.  TEM/HRTEM  images  and  particle  size  distributions  of  (a)  Pd8oNi2o  and  (b)  Pd50Pt3oNi2o  synthesized  by  the  modified  polyol  method. 
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bution  across  the  MEAs  before  and  after  the  fuel  cell  durability 
test. 

3.  Results  and  discussion 

3.1.  Physical  characterization  of  the  Pd-Pt-Ni  electrocatalysts 

Fig.  2  compares  the  XRD  patterns  of  Pd,  Pd80Ni20,  and 
Pd50Pt3oNi2o  synthesized  by  the  modified  polyol  method  and  com¬ 
mercial  Pt.  All  samples  exhibit  reflections  characteristic  of  a  single 
fee  structure,  suggesting  a  good  mixing  of  all  the  constitutes  and  the 
formation  of  a  ternary  Pd-Pt-Ni  alloy  phase.  From  the  enlarged  pro¬ 
files  of  the  (111)  reflection  in  Fig.  2(b),  the  reflections  of  Pd80Ni20 
shift  to  higher  angles  compared  to  those  in  Pd,  indicating  the  substi¬ 
tution  of  smaller  Ni  for  Pd  in  the  lattice.  In  addition,  the  diffraction 
peaks  of  Pd50Pt3oNi20  shift  to  lower  angles  compared  to  those  of 
Pd80Ni20,  and  even  those  of  Pd,  suggesting  the  incorporation  of 
larger  Pt  atoms  into  the  Pd-Ni  lattice.  The  absence  of  peaks  for 
either  Pt,  or  Ni,  or  their  oxides  may  be  due  to  their  poor  crystallinity 
or  low  concentration.  The  lattice  parameters  and  average  crystallite 
sizes  of  these  samples  obtained  from  the  XRD  data  using  Scherrer 
equation  are  given  in  Table  1. 

Fig.  3  shows  the  TEM  images  and  particle  size  distributions 
of  Pd80Ni20  and  Pd50Pt3oNi20  synthesized  by  the  modified  polyol 
method.  The  high  resolution  TEM  images  indicate  a  well-defined 
crystalline  nature  of  the  samples  obtained.  The  ternary  catalyst 
Pd50Pt3oNi20  shows  smaller  particle  size  but  with  broader  size  dis¬ 
tribution  compared  to  the  binary  catalyst  Pd80Ni20.  Moreover,  the 
TEM  images  reveal  a  higher  agglomeration  of  the  particles  on  the 
carbon  support  in  the  case  of  the  ternary  alloy,  suggesting  poor 
dispersion. 


3.2.  Electrochemical  characterization  of  Pd-Pt-Ni 
electrocatalysts:  MEA  performance  and  long-term  durability 

Fig.  4(a)  shows  the  polarization  curves  of  Pd50Pt3oNi20  recorded 
each  day  at  the  beginning  and  end  of  the  fuel  cell  test  until  it 
became  constant  on  the  8th  day.  As  seen,  the  cell  performance  keeps 
increasing  on  the  entire  current  range  with  time,  and  the  increase 
is  significant  for  the  first  four  days  and  becomes  smaller  for  the 
following  days.  The  obvious  increase  from  the  1st  day  to  2nd  day 
is  primarily  due  to  the  activation  process.  After  the  MEA  assem¬ 
bly  and  the  initial  4h  of  operation,  both  the  membrane  and  the 
electrode  became  humidified,  and  the  contact  between  the  flow- 
field  plates  and  the  diffusion  media  became  better.  Therefore,  the 
electrolyte  resistance,  the  contact  resistance,  and  the  resistance 
within  the  electrode  became  much  smaller.  Afterwards,  the  curves 
move  upwards  both  within  the  day  and  between  the  two  sequen¬ 
tial  days.  The  change  within  the  day  is  much  smaller  compared  to 
that  between  the  two  sequential  days.  Although  the  MEA  struc¬ 
ture  may  still  keep  optimizing  in  the  following  days,  the  extent  of 
performance  enhancement  caused  by  the  MEA  structure  optimiza¬ 
tion  is  small.  Fig.  4(b)  compares  the  constant  polarization  curves  of 
Pd50Pt3oNi2o  and  commercial  Pt  tested  under  the  same  condition 
and  following  the  same  procedure.  The  two  curves  overlap  below 
750  mAcnrr2,  and  Pd50Pt3oNi20  even  shows  better  performance  in 
the  higher  current  density  region  (also  the  ohmic  resistance  domi¬ 
nant  region). 

Fig.  5  and  Table  2  show  the  kinetic  activities  after  IR-correction 
for  both  Pd5oPt3oNi2o  and  commercial  Pt  based  on  Pt  mass  alone 
(Fig.  5(a))  and  noble  metal  mass  (Fig.  5(b)).  Here,  the  kinetic  activ¬ 
ities  are  compared  at  0.84  V  instead  of  at  0.9  V  due  to  the  low  OCV 
and  the  change  in  Tafel  slope  at  higher  voltages.  The  Pt-based  mass 
activity  of  commercial  Pt  is  0.392  AmgPt-1  at  0.84  V,  which  is  com¬ 
parable  to  the  values  reported  by  other  groups,  considering  possible 


Fig.  4.  (a)  Performances  of  the  Pd5oPt3oNi2o  catalyst,  recorded  with  time  (days)  at 
60  °C  in  a  H2/O2  PEMFC.  The  empty  and  solid  symbols  refer,  respectively,  to  the 
performance  tested  at  the  beginning  and  the  end  of  each  day.  (b)  Comparison  of  the 
performances  of  Pd5oPt3oNi2o  after  becoming  constant  and  after  the  durability  test 
with  that  of  commercial  Pt  at  60°  C  in  a  H2/02  PEMFC. 


differences  in  the  MEAs  [11,40].  Pd5oPt3oNi2o  exhibits  two  times 
higher  Pt-based  mass  activity  than  commercial  Pt.  However,  since 
Pd  is  also  a  noble  metal  and  much  more  expensive  compared  to  Ni, 
it  is  more  reasonable  to  compare  the  activity  based  on  total  noble 
metal  mass.  From  Fig.  5(b)  and  Table  2,  Pd50Pt3oNi20  and  commer¬ 
cial  Pt  have  almost  the  same  noble  mass-based  activity.  Since  the 
cost  of  Pd  is  less  than  half  of  that  of  Pt  [65],  the  cost  will  be  greatly 
reduced. 

Considering  the  changes  in  performance  with  operating  time, 
we  were  curious  whether  this  novel  catalyst  will  be  durable  enough 
for  real  fuel  cell  application.  Accordingly,  we  ran  the  fuel  cell  for 
another  two  weeks  with  a  total  testing  time  of  200  h.  Fig.  6  illus¬ 
trates  the  cell  voltage  response  with  time  at  a  constant  load  of 
1000  mA  cm-2  during  this  period.  The  time  shown  in  Fig.  6  does 
not  include  the  time  when  the  MEA  is  under  open  circuit  potential 
or  the  polarization  curve  is  recorded.  Consistent  with  the  perfor¬ 
mance  change  described  above,  the  cell  voltage  for  the  Pd50Pt3oNi20 
catalyst  shows  significant  increase  within  the  first  week.  For  a 
comparison,  the  cell  voltage  for  pure  Pt  always  remains  constant 
at  0.680  V  right  after  the  activation  procedure.  After  stabilizing 
at  0.676  V  under  1000mA cm-2,  the  cell  voltage  of  Pd50Pt3oNi2o 
remains  constant,  and  it  decreases  slightly  from  the  19th  day  (after 
146h  in  Fig.  6).  The  cell  voltage  tested  on  the  21st  day  is  0.655  V, 
indicating  a  loss  of  3%  and  slightly  worse  durability  compared  to 
commercial  Pt.  We  also  compare  the  polarization-curve  voltage  of 
Pd50Pt3oNi20  recorded  on  the  last  day  with  that  in  the  initial  con¬ 
stant  curve  in  Fig.  4  (b).  The  kinetic  activities  of  Pd50Pt3oNi20  drawn 
in  Tafel  plots  and  listed  in  Table  2  show  a  decrease  to  ~35%  of 
the  initial  value,  which  is  much  larger  than  that  in  the  high  cur- 
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Table  2 

Mass  activity  of  Pd5oPt3oNi2o  and  commercial  Pt  catalysts. 
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Catalyst 

Annealing 
temp.  (°C) 

Mass  activity  at  0.84  Va 

(Amgpt-1) 

Mass  activity  at  0.84  Va 
(A  mgnobie  metal  ^  ) 

Ptioob 

0.392 

0.392 

Pd5oPt3oNi2o 

300 

0.739c 

0.369c 

0.269d 

0.134d 

a  IR  free  data. 

b  20  wt.%  Pt  on  Vulcan  Carbon. 
c  Initial  constant  performance. 
d  Performance  after  durability  test. 


rent  density  region,  namely  the  ohmic-controlled  region.  It  should 
be  noticed  that  the  degradation  in  performance,  especially  in  the 
kinetic  activity,  is  closely  related  to  the  decrease  of  the  open  circuit 
potential. 

3.3.  Effect  of  metal  dissolution  on  MEA  performance 

To  understand  why  the  MEA  performance  increases  contin¬ 
uously  with  operating  time  and  eventually  resembles  that  of 
commercial  Pt,  we  tested  both  the  surface  and  bulk  composition 
of  the  Pd5oPt3oNi2o  catalyst  before  and  after  the  fuel  cell  operation. 
Fig.  7  compares  the  XPS  profiles  of  Pd  3d,  Pt  4f,  and  Ni  2p  recorded 
before  the  MEA  operation  (sample  1),  after  the  MEA  performance 
becomes  constant  (sample  2),  and  after  the  durability  test  (sample 
3).  As  the  typical  mean  free  path  for  photoelectrons  in  alloys  is  in 
the  range  of  1  -2  nm,  XPS  data  are  representative  of  several  layers 
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beneath  the  outermost  surface.  We  should  also  point  out  that  XPS 
tests  were  conducted  using  both  an  Al  and  Mg  targets  for  samples 
after  the  fuel  cell  operation.  The  reason  for  the  difference  in  oper¬ 
ation  is  provided  in  the  Supporting  material  (Fig.  SI).  The  surface 
metal  atomic  ratios  estimated  from  XPS  profiles,  together  with  the 
bulk  metal  atomic  ratios  determined  from  EDS,  are  summarized  in 
Table  3  for  all  three  samples. 

In  Fig.  7,  Pd  and  Pt  exist  on  the  surface  in  both  metal  and  oxide 
forms  for  all  the  three  samples  (the  peaks  are  not  deconvoluted 
here).  As  for  Ni,  all  the  peaks  detected  before  the  fuel  cell  test  are 
attributed  to  Ni  oxide  (or  hydroxide).  It  is  clear  from  Fig.  7  and 
Table  3  that  all  the  Ni  on  the  catalyst  surface  is  removed  after 
the  MEA  test.  At  the  same  time,  the  bulk  atomic  percentage  of 
Ni  decreases  from  12  before  the  test  to  5  after  the  performance 
becomes  constant,  and  finally  to  0  after  the  durability  test,  indi¬ 
cating  that  even  the  Ni  atoms  below  the  surface  leach  out  from 
the  particles.  Although  the  leaching  becomes  more  difficult  for  the 
inner  Ni  and  the  rate  of  leaching  slows  down,  Ni  atoms  eventually 
leach  out  of  the  particle  totally.  On  the  other  hand,  Pd  on  the  sur¬ 
face  also  dissolves  with  time,  as  indicated  by  the  deceasing  Pd  3d 
peak  intensity  and  the  Pd:Pt  ratio  from  >1  before  the  MEA  test  to 
<1  after  the  MEA  test.  Similar  to  Ni,  Pd  atoms  may  also  leach  out 
during  the  cell  operation,  but  this  point  is  more  difficult  to  prove 
because  the  Ni  dissolution  and  leaching  will  also  change  the  Pd/Pt 
ratio  in  the  bulk.  However,  it  is  clear  that  the  rate  of  Pd  dissolution 
decreases  with  time  since  the  atomic  percentage  of  Pd  changes  only 
by  10%  after  another  120h  of  MEA  test.  Actually,  Pt  on  the  surface 
also  dissolves  to  a  small  degree  after  the  MEA  testing  for  a  longer 
time  as  indicated  by  the  decreased  intensity  of  the  Pt  4f  peak  seen 
in  Fig.  7(b). 

If  we  take  a  further  look  at  the  compositions,  we  find  that  the 
catalyst  before  the  MEA  testing  has  a  Ni-rich  surface  as  indicated  by 
a  Ni  atomic  percentage  of  21%  on  the  surface  and  12%  in  the  whole 
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Fig.  5.  Comparison  of  the  Tafel  plots  of  Pd50Pt3oNi2o  after  the  performance  becomes 
constant  and  after  the  durability  test  with  that  of  commercial  Pt  at  60  °C  in  a  H2/02 
PEMFC:  (a)  cell  voltage  vs.  Pt  mass  activity  and  (b)  cell  voltage  vs.  noble  metal  mass 
activity. 
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Fig.  6.  The  cell  voltage  response  at  the  constant  load  of  1000  mA  cm-2  during  the 
durability  test.  The  solid  line  and  the  dashed  lines  refer,  respectively,  to  Pd50Pt3oNi20 
and  commercial  Pt. 
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Table  3 

Surface  and  bulk  compositions  of  the  300  °C  heat-treated  Pd50Pt3oNi2o  catalysts. 


Catalyst 

Testing  condition 

Near  surface  composition 
(XPS)  (atom%) 

Bulk  composition 
(SEM-EDS)  (atom%) 

Pd5oPt3oNi2o 

Before  the  fuel  cell  test 

Pd4gPt3C)Ni2i 

Pd57Pt3iNii2 

After  performance  becomes  constant 

Pd46Pt54 

Pd54Pt4i  Nis 

After  the  durability  test 

Pd4i  Pt5g 

Pd58  Pt42 

particle.  On  the  contrary,  the  Pd/Pt  ratio  is  below  1  on  the  surface 
and  above  1  across  the  whole  particle,  indicating  a  structure  with  a 
Pt-rich  surface  and  Pd-rich  core  for  samples  after  the  MEA  testing. 
Therefore,  we  propose  a  structural  model  in  Fig.  8  to  account  for  the 
performance  enhancement  of  the  Pd-Pt-Ni  electrocatalysts  during 
the  PEMFC  single  cell  test. 

The  elemental  distribution  within  the  fresh  catalyst  is  almost 
homogenous,  and  its  surface  is  Pd-rich,  resulting  in  lower  activity 
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Fig.  7.  Core  level  XPS  profiles  of  (a)  Pd  3d,  (b)  Pt  4f,  and  (c)  Ni  2p  in  Pd5oPt3oNi2o 
before  the  fuel  cell  test,  after  the  performance  becomes  constant,  and  after  the 
durability  test. 


and  stability  compared  to  that  of  pure  Pt.  On  operating  the  MEA 
in  the  fuel  cell,  the  electrocatalyst  are  subject  to  both  chemical  and 
electrochemical  effects,  and  the  metals  have  a  tendency  to  dissolve. 
Particularly,  base  metals  like  Ni  are  not  stable  in  contact  with  acid 
electrolyte.  Under  the  single  cell  testing  condition,  the  Ni  atoms 
are  also  likely  to  segregate  onto  the  particle  surface  due  to  the 
attraction  to  oxygen-containing  species  [66,67].  This  could  result 
in  a  continuous  leaching  out  of  Ni  until  all  the  Ni  atoms  within  the 
particles  are  removed.  For  catalysts  having  a  Ni-rich  surface,  like 
what  we  have  here,  this  process  is  much  easier  and  more  rapid.  In 
addition,  the  standard  electroreduction  potential  of  Pd  (0.915  V)  is 
much  lower  than  that  of  Pt  (1.188  V),  resulting  in  an  instability  of 
Pd  as  well.  In  the  oxygen  and  water  environment  in  the  fuel  cell,  the 
surface  atoms  can  form  an  oxide  or  hydroxide  overlayer,  which  can 
dissolve  easily  under  the  MEA  testing  conditions  [68].  Moreover, 
the  less-bonded  Pd  atoms  can  dissolve  directly  as  Pd  ions. 

In  our  experiments,  we  test  the  single  cell  by  shutting-down 
and  starting-up  cycles,  in  order  to  simulate  a  situation  close  to  that 
of  real  fuel  cell  application.  However,  the  15  min  of  purging  with 
nitrogen  to  remove  the  residual  H2  or  02  after  the  load  is  removed  in 
our  experiments  (see  Section  2.3)  will  be  different  from  the  on/off 
procedures  in  real  automotive  applications.  Nevertheless,  during 
our  shutting-down  and  starting-up  cycles,  the  MEA  will  be  sub¬ 
jected  to  more  potential  changes  (also  called  load  cycling),  more 
start/stop  cyclings,  and  more  changes  in  temperature  and  humidity. 
Even  Pt  can  dissolve  more  rapidly  when  undergoing  such  transi¬ 
tions  from  low  to  high  potentials  compared  to  a  constant  low  or 
high  potentials  [69].  Moreover,  starting  and  stopping  the  fuel  cell, 
together  with  temperature  and  humidity  changes,  can  considerably 
affect  the  rate  of  metal  dissolution.  This  explains  why  the  perfor¬ 
mance  change  between  two  sequential  days  is  much  larger  than 
that  within  the  same  day.  Considering  a  slow  atom  movement  in 
the  bulk  compared  to  fast  surface  atom  dissolution,  we  may  expect 
a  compositional  gradient  established  across  the  particles.  Eventu¬ 
ally,  an  active  dealloyed  catalyst  with  a  Pt-rich  surface  and  a  Pd-rich 
core  structure  is  formed. 

Within  this  core-shell  structure,  the  lattice  mismatch  between 
the  surface  and  core  components  will  cause  strain,  which  could 
modify  the  electronic  properties  of  the  surface,  most  notably  their 
d  band  centers  [29,70-72].  For  a  Pt-rich  surface  and  Pd-rich  core, 
the  strain  may  downshift  the  d  band  center  of  the  Pt-rich  surface, 


Pd-Pt-Ni  Pd-rich  core 

Pd-rich  surface  Pt-rich  shell 


Fig.  8.  Structure  of  Pd-Pt-Ni  after  the  fuel  cell  test:  formation  of  a  Pd-rich  core  and 
Pt-rich  shell  nanoparticles  by  a  dissolution  of  Pd  and  Ni  (blue:  Pd,  grey:  Pt,  red: 
Ni).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  the  article.) 
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weaken  the  adsorption  energy  of  the  oxygenated  intermediates, 
and  thus  enhance  the  ORR  kinetics.  The  improved  kinetic  activity 
of  the  Pt-rich  surface  may  also  be  attributed  to  a  compression  of  the 
Pt-Pt  bond  distance  [1 5,22,73-76].  It  is  worth  pointing  out  that  the 
Pt-M  (M  =  transitional  metal)  electrocatalysts  with  a  Pt  skin  may 
eventually  lose  all  the  M  and  the  activity  enhancement  due  to  M 
and  become  eventually  pure  Pt-like  [67].  In  contrast,  our  Pd-Pt-Ni 
catalyst  with  Pd  could  still  retain  enhanced  activity  as  Pd  dissolu¬ 
tion  will  be  much  less  compared  to  the  transition  metals  like  Ni.  We 
would  also  like  to  point  out  that  the  lattice  parameter  of  the  core 
is  further  decreased  when  Ni  is  present  and  the  consequent  larger 
mismatch  between  the  core  and  shell  components  could  lead  to 
larger  strain  effect. 

3.4.  TEM  analysis  of  the  MEA  before  and  after  long-term 
durability  test 

As  discussed  before,  although  the  Pd50Pt30Ni20  electrocatalyst 
exhibits  performance  in  the  MEA  test  comparable  to  that  of  com¬ 
mercial  Pt  and  the  performance  remains  stable  for  more  than  1 00  h, 
it  eventually  decreases  slowly,  especially  in  the  activation  polariza¬ 
tion  region,  when  the  durability  test  prolongs  to  200  h,  suggesting 
lower  stability  compared  to  commercial  Pt.  We  also  discussed  the 
dissolution  and  leaching  out  of  both  Pd  and  Ni  metal  ions  from 
the  catalyst  nanoparticles.  Naturally,  one  may  ask  where  the  metal 
ions  go  and  the  relationship  between  their  dissolution  and  the  MEA 
durability.  Inductively  coupled  plasma  (ICP)  analysis  data  of  the  dis¬ 
charged  water  collected  from  the  cathode  side  after  the  durability 
test  indicated  about  5  atom%  of  the  total  Ni  in  the  water.  Although 
Pd  dissolution  is  found  from  the  compositional  changes,  no  Pd  could 
be  detected  in  the  water. 

To  understand  where  the  dissolved  metal  ions  go,  we  analyzed 
the  cross-section  of  the  MEA  by  TEM  before  and  after  the  dura¬ 
bility  test.  Fig.  9(a)  shows  a  TEM  image  of  the  middle  part  of  the 
membrane  after  the  fuel  cell  test.  Many  small  particles  and  some 
agglomerations  are  found  within  the  tested  membrane,  which  were 
never  seen  in  the  fresh  membrane.  From  the  corresponding  EDS 
data  (Fig.  9(b))  of  one  particle  circled  in  the  TEM  image,  the  parti¬ 
cle  was  found  to  consist  of  Pd  and  Pt,  mostly  Pd,  without  any  Ni. 
Thus,  the  dissolved  Pd  is  redeposited  in  the  membrane.  Recognizing 
that  cations  can  ion-exchange  with  the  H+  ions  of  the  sulfonic  acid 
groups  in  Nafion  [  1 1  ],  we  examined  by  EDS  the  area  next  to  the  cir¬ 
cled  region,  and  the  result  is  shown  in  Fig.  9(c).  The  peak  at  7.5  keV, 
which  can  only  be  ascribed  to  Ni,  is  clearly  seen  in  this  area  of  the 
membrane  after  the  fuel  cell  test,  and  in  fact,  it  is  seen  through¬ 
out  the  membrane  afterwards.  However,  no  signal  for  Ni  could  be 
seen  in  the  fresh  membrane.  The  data  thus  confirm  that  the  dis¬ 
solved  base  metal  ions  tend  to  attach  to  the  hydrophilic  sites  at 
the  sulfonic  groups  in  the  Nafion  membrane  by  ion-exchange  with 
proton.  This  type  of  ion  exchange  could  also  occur  in  the  ionomer 
of  the  catalyst  layer,  but  this  was  not  explored. 

Considering  that  only  about  5  atom%  Ni  was  detected  by  ICP  in 
the  discharged  water,  more  Ni  ions  should  be  in  the  membrane.  As 
pointed  out  by  Gasteiger  et  al.  [11],  the  ion  exchange  of  protons 
by  nickel  ions  could  lead  to  the  following:  (i)  lowering  of  the  ionic 
conductivity  of  the  membrane  resulting  in  higher  membrane  resis¬ 
tance,  (ii)  increase  in  the  resistance  of  the  cathode  catalyst  layer 
due  to  higher  ionomer  resistance,  and  (iii)  lower  diffusion  of  oxy¬ 
gen  in  the  ionomer  in  the  catalyst  layer.  A  combination  of  the  above 
factors,  which  may  be  hard  to  separate,  will  essentially  lower  the 
overall  performance  and  accelerate  the  degradation  of  the  fuel  cell. 
Refering  back  to  our  performance  tests,  the  initial  constant  polar¬ 
ization  curve  ofPd5oPt3oNi2o  did  not  show  any  obvious  decrease  in 
the  high  current  density  region  compared  to  Pt;  in  fact,  it  was  a  little 
bit  better  compared  to  Pt.  Even  after  200  h  of  operation,  the  polar¬ 
ization  curve  has  slope  similar  to  that  of  the  initial  curve,  indicating 


Fig.  9.  (a)  TEM  image  of  the  membrane  from  the  MEA  after  the  durability  test  at  its 
center  part,  (b)  EDS  spectrum  of  the  particle  circled  in  the  TEM  image,  and  (c)  EDS 
spectrum  of  the  area  within  the  rectangle  in  the  TEM  image.  The  peak  in  between 
the  two  Cu  peaks  and  the  peak  marked  as  Ca  are  due  to  impurities. 


a  constant  membrane  resistance  and  a  negligible  effect  of  contam- 
inaiton  from  Ni.  However,  the  kinetic  acitivity  of  cathode  catalyst 
layer  does  decrease  a  lot,  and  this  may  be  related  to  the  poisoning 
by  Ni  cations. 

To  give  a  clear  overview  of  the  elemental  distribution  through¬ 
out  the  MEA,  we  ploted  the  compositions  in  each  part  of  the  MEA 
determined  semi-quantitivly  from  the  TEM-EDS  tests  of  the  MEA 
cross-sections  before  and  after  the  durability  test  (Fig.  10).  Com¬ 
pared  to  the  fresh  MEA,  Ni  is  totally  removed  from  the  catalyst 
particles  under  the  testing  condition  after  the  durability  test,  con¬ 
sistent  with  our  previous  results.  Particles  rich  in  palladium,  with 
a  small  amount  of  platinum,  are  found  not  only  at  the  center  of 
the  Nafion  membrane,  with  a  2-3  p,m  strip,  but  also  in  the  mem¬ 
brane  along  the  membrane/cathode  interface.  Additionally,  Pd  has 
precipitated  in  the  anode,  but  not  as  Pd  rich  particles.  Bi  et  al.  [77] 
have  reported  that  soluble  Pt  ions  formed  at  the  cathode  can  be 
transported  to  the  membrane  by  diffusion,  migration,  and  possibly 
convection.  They  are  re-deposited  as  Pt  crystals  upon  reduction  by 
hydrogen  crossover,  in  a  single  thin  Pt  band  instead  of  being  uni¬ 
form  over  a  region  between  the  edge  of  the  band  and  the  cathode. 
At  that  location,  the  hydrogen  and  oxygen  are  completely  reacted, 
and  the  deposited  Pt  particles  can  be  stable.  We  assume  that  a  sim¬ 
ilar  phenomenon  happened  here  to  the  Pd  ions,  together  with  Pt 
ions.  The  difference  is  that  a  small  amount  of  Pd  and  Pt  ions  are 
also  deposited  on  the  membrane/cathode  interface.  Besides,  Pt  ions 
in  Bi  et  al.’s  study  could  not  move  further  toward  the  anode  due 
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Anode  Membrane  Cathode 


Fig.  10.  Overall  elemental  distribution  in  the  particles  across  the  MEA:  (a)  before 
the  fuel  cell  test  and  (b)  after  the  durability  test.  Each  bar  represents  the  average 
atomic  composition  of  particles  in  that  area.  The  dark  vertical  lines  indicate  the 
interface  between  each  electrode  and  the  membrane.  The  anode  in  Fig.  10(b)  has 
two  elemental  distributions  to  show  the  variation  in  composition  as  we  approach 
the  anode/membrane  interface. 


thus  enhance  the  surface  catalytic  activity.  TEM  observation  of 
the  MEA  cross-section  before  and  after  fuel  cell  test  also  demon¬ 
strates  an  unfavorable  effect  of  metal  dissolution  on  MEA  durability. 
Ni  dissolves  and  leaches  out  of  the  catalyst  particles  completely. 
Except  for  a  small  amount  of  Ni  in  the  water  produced,  most  of 
the  dissolved  Ni  ions  ion-exchange  with  the  protons  in  the  Nation 
membrane.  In  contrast,  Pd  dissolves  partially,  and  the  dissolved 
Pd  ions  re-precipitate  as  Pd-rich  PdPt  particles  in  the  membrane, 
mainly  forming  a  2-3  p,m  band  in  the  center  and  some  along  the 
cathode/membrane  interface.  Some  Pd  ions  even  move  to  the  anode 
side  and  precipitate.  All  these  factors  could  lead  to  contamination 
and  degradation  in  the  performance  of  MEAs. 

The  approach  presented  here  is  similar  to  the  voltammetric 
dealloying  used  by  Strasser’s  group  [39,40]  for  modifying  the  sur¬ 
face  catalytic  properties  of  noble  metal  alloys.  However,  while  the 
contamination  by  the  base  metals  could  be  minimized  by  washing 
after  dealloying,  our  future  studies  need  to  focus  on  alleviating  or 
removing  the  poisoning  effect  caused  by  both  Ni  and  Pd  dissolu¬ 
tion  and  their  transport.  Additionally,  TEM  data  indicated  a  poor 
dispersion  of  Pd-Pt-Ni  compared  to  Pt,  and  our  future  studies  will 
focus  on  exploiting  synthesis  methods  to  obtain  good  dispersion 
as  well  on  the  effect  of  annealing  temperature  on  the  composition 
and  performance. 
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to  pseudo-steady-state,  but  Pd  ions  here  move  continuously  until 
they  reach  the  anode.  The  Pd-rich  particles  in  the  membrane  could 
result  in  lower  proton  conductivity,  and  the  deposition  of  Pd  on  the 
anode  would  lead  to  a  decrease  in  hydrogen  oxidation  activity.  This 
may  be  one  reason  for  the  lower  open  circuit  potential  and  thus  the 
lower  performance  on  the  whole  current  region,  especially  kinetic 
region,  after  the  durability  test.  Another  possible  reason  for  the 
lower  open  circuit  potential  may  be  the  loss  of  the  alloying  effect 
due  to  the  removal  of  all  the  Ni  atoms  from  the  catalyst  after  the 
durability  test. 

4.  Conclusions 

Pd-Pt-Ni  electrocatalyst  has  been  synthesized  and  the  MEAs 
fabricated  with  Pd-Pt-Ni  have  been  characterized  before  and  after 
the  PEMFC  single  cell  test.  XRD,  EDS,  and  TEM  analyses  indicate 
the  formation  of  Pd-Pt-Ni  ternary  alloy  catalysts  with  a  narrow 
size  distribution  centered  at  5  nm.  The  PEMFC  single  cell  test  of 
the  Pd50Pt3oNi2o  catalyst  reveals  a  continuous  increase  in  perfor¬ 
mance  with  operation  time  until  it  becomes  comparable  to  that  of 
commercial  Pt.  The  catalyst  is  also  quite  stable  within  the  200  h 
of  durability  test,  exhibiting  just  3%  degradation  at  1000  mA  cm-2. 
With  a  lower  cost  and  performance  comparable  to  that  of  Pt,  the 
Pd-Pt-Ni  nanoalloy  catalysts  offer  great  promise. 

Compositional  analysis  of  the  MEA  before  and  after  the  fuel 
cell  tests  points  to  a  Pd-rich  core  and  a  Pt-rich  shell  structure  for 
the  dealloyed  particles  formed  under  the  fuel  cell  test  condition. 
The  strain  effect  caused  by  lattice  mismatch  between  the  Pd-rich 
core  and  the  Pt-rich  shell  may  down  shift  the  d-band  center,  lower 
the  adsorption  energy  of  surface  oxygenated  intermediates,  and 
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